Introduction {#S0001}
============

The incidence and prevalence of type 2 diabetes mellitus (T2DM) are increasing globally, with about one in 11 adults having diabetes mellitus and 90% of them having T2DM. Asia is emerging as an epidemic area for diabetes, with China and India being epicenters.[@CIT0001] In India today, 8.9% of the total population, equivalent to 77 million people, have diabetes.[@CIT0002] The American Association of Clinical Endocrinologists (AACE) provides guidelines for T2DM management, which include lifestyle therapy, medically assisted weight loss, and individual goals of achieving hemoglobin A1C (HbA1C) level of ≤6.5%. The patient characteristics, like glycemic index and weight, lifestyle, co-morbidities, and undesirable side effects of pharmaco-therapeutic management, determine the choice of anti-diabetic agents. The commonly associated side effects with oral anti-diabetic agents are hypoglycemia, weight gain due to hyperinsulinemia, gastrointestinal symptoms, and hepato-renal toxicity.[@CIT0003],[@CIT0004] The increase in adverse effects demands a safer anti-diabetic agent. The critical effects under consideration are the drug's potential for hypoglycemia, weight gain, and long term side effects.[@CIT0005]

Modulation of renal glucose handling by inhibition of the sodium-glucose co-transporter 2 (SGLT2) in renal tubules provided a novel insulin-independent mechanism of plasma glucose reduction without intolerable adverse effects in type 2 diabetes mellitus (T2DM) patients, paving the way for the development of SGLT2 inhibitor class of drugs for controlling hyperglycemia. Insulin independent action can benefit patients with insulin resistance.[@CIT0006] SGLT2 inhibitors provide another advantage in reducing weight by increasing glucose excretion in urine and other mechanisms.[@CIT0006] Moreover, this class of drugs was reported to provide additional cardiovascular (CV) benefits in various clinical trials along with glycemic benefits.[@CIT0007]--[@CIT0010] Also, these CV benefits were reported in non-diabetic animal models,[@CIT0011] and new trials are investigating cardiac benefits in non-diabetic heart failure patients.[@CIT0012]

The AACE guidelines recommended SGLT2 inhibitors as one of the first-line anti-diabetic agents.[@CIT0005] The American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) suggest using SGLT2 inhibitors for patients with diabetic co-morbidities like cardiovascular disease (including heart failure, and atherosclerotic cardiovascular disease) and, chronic kidney disease.[@CIT0013]

There are two types of sodium-glucose cotransporter: SGLT1, high affinity, low capacity glucose cotransporter, and SGLT2, low affinity, and high capacity glucose cotransporter that were characterized and which demonstrated the renal (proximal tubule) glucose reabsorption.[@CIT0003] Phlorizin, the first natural SGLT inhibitor, came into existence in the year 1835. Phlorizin inhibits both SGLT1 and SGLT2, with low selectivity. SGLT1 inhibition, however, caused several gastrointestinal side effects. Phlorizin has a hydrolytic metabolite, phloretin, which inhibits glucose transporter 1 (GLUT1), obstructing glucose uptake in tissues.[@CIT0003]

To overcome these limitations, researchers focused on orally-available SGLT2 selective, O-glucoside congeners of phlorizin namely (T-1095, sergliflozin, remogliflozin, and AVE2268).[@CIT0003] This article aims to review the literature on published as well as unpublished literature of remogliflozin about its mechanism of action, efficacy, side effects, drug interaction, contraindications, and potential place in the treatment of T2DM.

Materials and Methods {#S0002}
=====================

A Pubmed and Cochrane Advance search was carried for "remogliflozin," using keywords like "Remogliflozin," "Remogliflozin Etabonate," "Remogliflozin AND Diabetes," and "Remogliflozin Etabonate AND Diabetes." Papers and abstracts on animal studies and those in non-English language were excluded, including any duplicates. Any useful references cited in these papers/abstracts were also reviewed. Clinical trial registries were reviewed for information on past and ongoing studies. The approved Summary of Product Characteristics (SmPC), briefings, and press releases was also referred. The unpublished data was acquired from the marketing authorization holder of remogliflozin etabonate. The overall process of selection has been depicted in the flow chart ([Figure 1](#F0001){ref-type="fig"}). A total of 26 clinical studies (published and unpublished) were considered for this review depicted.Figure 1Diagrammatic representation of methods. Overall process of followed for selection of evidence considered for review.

Scientific Summary {#S0002-S2001}
------------------

### Pharmacokinetic (PK)/Pharmacodynamic (PD) Profile {#S0002-S2001-S3001}

Remogliflozin is administered in prodrug form viz. remogliflozin etabonate (RE) ([Figure 2A](#F0002){ref-type="fig"}) in an immediate release (IR) tablet formulation. The recommended dosage in T2DM patients is 100mg administered twice daily. After administration, RE is de-esterified by non-specific esterases present in mucosal cells of the gastrointestinal tract to get converted into its active form remogliflozin ([Figure 2B](#F0002){ref-type="fig"}). [@CIT0014] RE is rapidly and almost completely absorbed and available in the plasma within 10 minutes with a Tmax of 0.5--1 hour.[@CIT0006] The administration with standard breakfast slightly delayed the Tmax by approximately 0.5--1.5 hours (hrs); however, there was no significant difference in the Cmax or Area under Curve (AUC) relative to the fasting state. Hence RE can be administered with or without food.[@CIT0015]Figure 2Chemical structure of remogliflozin etabonate and remogliflozin. (**A**) Chemical structure of remogliflozin etabonate. (**B**) Chemical structure of remogliflozin. (**C**) Portions of structure of remogliflozin showing glycone, aglycone portions and O-glycosidic bond. The O-glycosidic bond makes the drug susceptible to beta-glucosidase enzyme. (**D**) Remogliflozin is esterified with etabonic acid to overcome metabolism by beta-glucosidase enzyme.

The plasma protein binding of remogliflozin was around 65%. Either RE or remogliflozin was not preferentially distributed to blood cells, and there was no selective association of RE or its metabolites with melanin-containing tissues.[@CIT0016]

In the systemic circulation, remogliflozin is extensively metabolized, leading to N-dealkylation, O-dealkylation, oxidation, loss of glucose, and glucuronidation. In vitro studies have demonstrated that the primary enzyme involved in the CYP-based metabolism of remogliflozin is CYP34A, with a minor contribution from CYP2C19.[@CIT0016]

Remogliflozin gets metabolized to two active metabolites, namely: GSK279782 and GSK333081.[@CIT0017] The major active metabolite GSK279782 has been shown to account for approximately 16--22% of the concentration of remogliflozin in circulation. The exposure of GSK333081 was found to be extremely low after single-dose studies and hence not considered clinically significant. Remogliflozin has multiple pathways of elimination, which are CYP as well as non-CYP pathways. The mean plasma elimination half-life of remogliflozin and GSK 279782 were around 1.5 to 1.9 hrs and 2.3 to 3.8 hrs, respectively, in healthy volunteers after a single dose of RE at 100 mg or 250 mg. In the same study, the mean plasma half-life of prodrug was mostly around 0.4 hrs to 0.7 hrs. Metabolic products of RE are eliminated from the body through renal excretion.[@CIT0014] In radiolabelled absorption, metabolic, and excretion (AME) studies, approximately 93% was excreted in the urine, of which about 11% of the dose was recovered as remogliflozin in urine; the majority of drug-related material is eliminated via the urine as inactive glucuronide metabolites.[@CIT0014]

The inhibitory concentration of remogliflozin was evaluated, and Ki values of 12.4 and 4520 nmol/l for SGLT2 and SGLT1, respectively, were demonstrated. This shows that remogliflozin is a selective inhibitor of SGLT2.[@CIT0018],[@CIT0019]

A single dose, dose-escalation study in healthy human volunteers, and T2DM patients observed 24-hour urine glucose excretion (UGE) to be 17.5--40.5g and 66.6 to 112.6g, respectively, in a dose-dependent manner. The UGE showed a dose-dependent increase in total urine glucose excretion (UGE) from 0 to 24 hrs in fasted and fed conditions. However, UGE increased less proportionally with an increase in dose from 150 mg to 500 mg, indicating a plateau effect, as observed with drugs of this class. Urinary glucose excretion was higher in patients with T2DM than in volunteers because of higher plasma glucose concentrations in patients. On correcting the UGE according to circulating plasma glucose concentrations and creatinine clearance, to estimate the percentage filtered glucose load, it was found to be similar in both healthy individuals as well as T2DM patients.[@CIT0006]

Clinically significant increase in UGE and urine volumes were observed in 12-week dose-ranging (50--1000 mg) study in drug naïve T2DM patients. A dose-ordered increase at 12 weeks from baseline was observed in UGE over 24 hrs ranging from 61 to 96 g/ day. A similar dose-ordered increase at 12 weeks in Urine volume was observed (\~0.5L/day).[@CIT0017]

The key PK and PD studies that assisted the characterization of clinical profiles have been discussed in subsequent sections.

### Clinical Efficacy and Safety {#S0002-S2001-S3002}

In a Phase III trial, T2DM patients with uncontrolled hyperglycemia (HbA1c 7% to 10%) on metformin monotherapy were administered RE 100mg twice daily for a period of 24 weeks. These participant patients observed early and consistent reduction in HbA1c with a reduction of 0.72% at 24 weeks. The observed reduction in fasting and postprandial plasma glucose levels was 17.86 mg/dL and 39.2 mg/dL, respectively, at 24 weeks. The reduction in body weight observed at the end of 24 weeks was 2.7 kgs. The systolic and diastolic pressure was observed to be reduced by −2.6 mmHg and 2 mmHg, respectively).[@CIT0017],[@CIT0020] The overall incidence of treatment-emergent adverse events was 8.5% with a low incidence of hypoglycemia (1.3%), genital mycotic infections (1.7%), and urinary tract infections (3.1%). Therefore remogliflozin therapy of 100mg BID was found to be safe, tolerable, and efficacious.[@CIT0020]

### Current Status {#S0002-S2001-S3003}

Based on the Phase III study, RE 100 mg tablets twice daily have been approved by health regulatory authority in India for adequate glycemic control, together with diet and exercise, in adults aged 18 years or older with T2DM.[@CIT0020],[@CIT0021]

Developmental History {#S0002-S2002}
---------------------

### Commercial History {#S0002-S2002-S3001}

Remogliflozin etabonate was initially discovered and developed by Kissei Pharmaceutical, Japan, and later licensed to GlaxoSmithKline (GSK) in 2002. GSK executed a robust clinical development program from 2002 to 2009 for the treatment of type-2 diabetes mellitus in many countries worldwide and obesity in the United Kingdom. Eighteen Phase I and two Phase II studies were performed characterizing the pharmacokinetics (PK), pharmacodynamics (PD), and clinical dosage regimens for RE. In 2009, GSK discontinued the development of remogliflozin as well as sergliflozin, an additional SGLT2 inhibitor licensed to GSK, due to commercial reasons.[@CIT0017]

From 2011--2016 Brighthaven Ventures LLC (BHV) Pharma, a subsidiary of Avolynt, took the development of remogliflozin further and conducted three studies. BHV signed an agreement with India-based Glenmark Pharmaceuticals Limited to develop and market remogliflozin. In 2017, Glenmark conducted a Phase I PK study in the Indian population and initiated a Phase III study with a sample size of 906. In 2019, all participants had completed the clinical phase of the trial.[@CIT0017],[@CIT0019] The summary of the clinical studies conducted during the developmental program of RE has been depicted in [Figure 3](#F0003){ref-type="fig"}.Figure 3Clinical studies in development program of remogliflozin etabonate.**Abbreviations:** PK, pharmacokinetics; PD, pharmacodynamics; GI, gastrointestinal; OC, oral contraceptive pills; DM, diabetes mellitus; Pbo, placebo; Pio, pioglitazone; QD, once daily; IR, immediate release; BID, twice daily; Dapa, dapagliflozin.

### Molecular Developmental and Structural Activity Relationship {#S0002-S2002-S3002}

Remogliflozin provides high-affinity (Ki \~12.4 nmol/L), specific (SGLT1:SGLT2 = 1:365), competitive inhibition of SGLT2.[@CIT0019] For all SGLT2 inhibitors, phlorizin was the prototype molecule used for development. The remogliflozin molecule, like phlorizin, has aglycone portion and aglycone portion. Remogliflozin interacts with the SGLT2 protein due to the structural resemblance of the glycone portion to glucose. The bulky aglycone portion hinders SGLT2 activity and facilitates the inhibition. As these two portions are connected by O-glycosidic bond, remogliflozin is chemically classified as O-glucoside. The O-glycosidic bond is susceptible to enzymatic cleavage by β-glucosidases present in the gastrointestinal tract (GI tract) ([Figure 2C](#F0002){ref-type="fig"}).

Other currently available SGLT2 inhibitors in India are molecularly remodeled derivatives of phlorizin (an O-glucoside) obtained by the exclusion of an O-glycosidic bond to overcome this enzymatic cleavage. Hence the glycone-aglycone bridge in these agents is carbon to carbon bond and is referred to as C-glucosides.

Remogliflozin was esterified with etabonic acid to overcome the enzymatic cleavage, and administered in the form of a prodrug, namely remogliflozin etabonate.[@CIT0022] ([Figure 2D](#F0002){ref-type="fig"})

### Clinical Development Studies (Phase I, Phase II and Phase III Studies) {#S0002-S2002-S3003}

This section describes the key clinical studies conducted during the developmental program of remogliflozin.

### Phase I Studies {#S0002-S2002-S3004}

Early phase I studies were designed to obtain PK, PD, safety, tolerability, and profile characterization.

#### Single-Dose PK/PD Studies of Remogliflozin Etabonate {#S0002-S2002-S3004-S4001}

This first-in-human study was conducted by Kapur et al, following single doses of RE, ranging from 20 to 1000 mg in healthy subjects (n=10) and 50 and 500 mg in subjects with T2DM (n=6).[@CIT0006] It was observed that RE gets rapidly absorbed and extensively converted to its active entity remogliflozin. Drug exposures were proportional to the dose administered, both in healthy volunteers and T2DM patients. The parent drug, RE, was present in plasma in low concentrations and was eliminated rapidly from the plasma with a mean t1/2 of about 15--40 minutes across dose levels. The active entity remogliflozin appeared in plasma within 10 minutes of dosing, at high concentrations (AUC: 81 to 105 times the AUC of RE across dose levels) with Cmax within 1.5 hours and was eliminated from plasma more slowly than RE with a mean t1/2 of 1.38 to 2.86 hours across dose levels. The active metabolite GSK279782 was also present in relatively high concentrations in plasma (AUC: 33 to 46 times the AUCs of RE across dose levels) with plasma profiles following similar time course to that of remogliflozin. Twenty-four-hour UGE showed a dose-dependent increase, but the increase was less than proportional with increasing exposure to remogliflozin. The largest effect was observed with a 500 mg dose in healthy subjects. The UGE was 17.5--40.5 g (Healthy volunteers) and 66.6 to 112.6 g (T2DM patients). In healthy subjects, AUC values for plasma glucose were very similar following placebo or RE administration. In subjects with T2DM, the increase in plasma glucose and plasma insulin levels following an oral glucose tolerance test (OGTT) was attenuated in a dose-dependent manner following RE dosing compared to placebo. The median baseline adjusted AUC (0--4) for plasma glucose, following an OGTT, was 11.00 mmol.h/L for placebo, 5.30 mmol.h/L for RE 50 mg and 2.65 mmol.h/L for RE 500 mg, whereas median baseline adjusted AUC (0--4) for plasma insulin was 36.29 μIU.h/mL for placebo, 24.67 μIU.h/mL for RE 50 mg and 18.82 μIU.h/mL for RE 500 mg.[@CIT0006]

A Mass Balance Study with radio-labeled \[14C\]-RE was performed to investigate the metabolic disposition of a 400 mg single, oral dose in healthy male subjects. The study demonstrated that after oral administration, RE was rapidly and extensively absorbed (\~93% of the dose), followed by rapid conversion to remogliflozin. Remogliflozin is further metabolized to GSK279782 and GSK333081. \[14C\]-RE-related material in blood had limited blood cell partitioning. The data from the study suggested that RE/remogliflozin was extensively metabolized, with other metabolites representing the majority (\>90%) of the circulating plasma \[14C\]-radiocarbon, and hence eliminated rapidly from plasma with mean half-lives ranging from 0.39 to 2.84 hrs. Approximately 93% of the total radioactivity was excreted in the urine and 3% eliminated in the feces. Only about 11% of the dose was recovered in urine as the active moiety, remogliflozin.[@CIT0016] Similarly, a study was performed for characterizing the regional gastrointestinal absorption of RE in healthy volunteers by employing noninvasive remote-controlled InteliSite Companion Capsule for site-specific drug delivery in the GI tract. With various formulations tested, RE was found to be extensively absorbed and converted to remogliflozin primarily in the mid-small intestine, with minimal absorption and/or metabolic conversion in cecum/colon. Among all treatments, the 100 mg immediate release tablet of RE demonstrated the highest extent of bioavailability of remogliflozin in plasma, and the least inter-subject variability in the pharmacokinetics of remogliflozin and GSK279782.[@CIT0023]

The single-dose PK in a fasted and fed state in healthy Indian volunteers showed a dose-proportional increase in Cmax, AUC, and similar half-lives at 100mg and 250mg,indicating linear pharmacokinetics. In general, under a fasted state, the maximum plasma concentrations were achieved rapidly for RE, remogliflozin, and GSK279782 with median Tmax ranging between 0.5 to 1.5 hours. With food, there was a slight delay in the Tmax (1.50 to 3.00 hours), but AUC and Cmax of RE, remogliflozin, and GSK279782 were generally comparable between fasted and fed states. The Cmax was similar in fed and fasted states (fed/fasted ratios 0.77--1.44 and 0.81--1.12) of the 100 and 250 mg doses, respectively. The AUC also demonstrated similar trends in fed and fasted conditions (fed/fasted ratio 1.22--1.35); however, RE and GSK279782 AUCs were slightly higher in the fed state. For both doses in the fed or fasted state, remogliflozin had the highest exposure, followed by GSK279782, and RE.[@CIT0015],[@CIT0017] The PK parameters, as observed in Indian patients, are depicted in [Table 1](#T0001){ref-type="table"}.Table 1Pharmacokinetic Profile of Single Dose of RE 100 mg and 250 mg in Indian Patients Under Fasting and Fed ConditionsPK Parameters\
(Units)Fasted State (100 mg)Fed State (100 mg)Remogliflozin EtabonateRemogliflozinMetabolite\
GSK279782Remogliflozin EtabonateRemogliflozinMetabolite\
GSK279782T~max~ (h)0.50 (0.25--1.50)0.75 (0.50--2.0)1.00 (0.75--2.00)1.50 (0.25--3.00)2.50 (0.50--3.00)3.00 (1.50--4.00)C~max~ (ng/mL)20.88(82.0536.18(29.3)96.63(50.2)20.92(60.6)413.68(32.7)138.64(31.1)AUC~0-inf ~(ng.h/mL)17.40(68.9)1266.61(25.7)323.60(48.5)42.20(41.8)1546.58(19.1)651.09(35.3)t~1/2 ~(h)0.44(84.7)1.54(13.1)2.37(13.1)0.69(41.0)1.53(15.8)2.80(12.4)**PK Parameters**\
**(Units)Fasted State (100 mg)Fed State (100 mg)Remogliflozin EtabonateRemogliflozinMetabolite**\
**GSK279782Remogliflozin EtabonateRemogliflozinMetabolite**\
**GSK279782**T~max~ (h)0.50(0.25--2.00)0.75 (0.25--4.00)1.500 (0.50--4.50)1.517 (0.250--3.000)2.500 (1.50--4.00)3.00 (2.50--4.51)C~max~ (ng/mL)49.57(89.5)1275.35(51.1)286.31(49.0)38.98(35.1)1037.11 (16.1)319.58 (41.4)AUC~0-inf ~(ng.h/mL)49.72(72.4)^c^3178.13 (34.4)1037.10 (14.0)89.03 (45.7)4294.85 (22.5)1617.26 (36.0)t~1/2 ~(h)0.45(44.6)1.79(15.4)3.31 (15.6)0.55(30.5)1.90(28.1)3.77(14.9)[^1][^2]

A single-dose PK Study of RE in healthy Japanese volunteers assessed the PK/PD in males as well as postmenopausal females. The effect of timing of meals (fasting condition or 15 minutes before meals) on the PK/PD parameter was evaluated in healthy males. Single RE dose of 100 mg or higher, in males or post-menopausal females (200 mg) under fasting conditions,suppressed the increase in postprandial plasma glucose and serum insulin levels after lunch compared to identical pre-dose lunch on the previous day. Likewise, a single RE dose of 200 mg, administered to healthy males 15 minutes before breakfast, suppressed abrupt increase in plasma glucose and serum insulin levels after breakfast, resulting in delayed peak time compared to identical pre-dose breakfast on the previous day. The 24-hour cumulative urinary glucose excretion increased in a relatively dose-dependent manner for the 50--1000 mg dose range. An increased UGE for 0--4 hours post-dose after pre-prandial administration as compared to fasting conditions and equivalent UGEs in the later period was demonstrated between the two modes of administration. All dose levels showed decreased AUC plasma glucose levels post-dose compared to pre-dose AUCs. The PK profile was found to be similar,as demonstrated in previous studies. No sex- or age-related difference was observed for UGE and PK parameters.[@CIT0024]

#### Multiple-Dose PK/PD Studies of Remogliflozin Etabonate {#S0002-S2002-S3004-S4002}

The PK of repeat doses of RE was tested at three dose levels (100 mg BID, 1000mg BID, and 1000 mg QD) in subjects with T2DM. Pharmacokinetics of RE and its metabolites were similar to those following single-dose administration, with no apparent changes in the absorption or elimination characteristics across the three dosing regimens. No accumulation or time-dependent changes were observed, consistent with its short t1/2 estimates. The PD assessments showed a statistically significant decrease from baseline in pre-dose fasting plasma glucose concentration and AUC 0--24 weighted mean plasma glucose for BID dosing regimens of RE on Day 11 or Day 12. There was also a statistically significant decrease from baseline in pre-dose fasting plasma glucose (FPG) concentrations compared to placebo for the 100 mg and 1000 mg BID groups on Day 12 (--23.2 mg/dL and --41.2 mg/dL, respectively). An increase from baseline in the percentage of filtered glucose excreted in urine was observed for all active treatment groups relative to placebo. The magnitude of increase on Day 11 was greatest for the RE 1000 mg BID group (48%), followed by the 1000 mg QD (44%), and was slightly lower for the 100 mg BID group (37%).[@CIT0025]

A multiple-dose study of safety, tolerability, and PK at supra-therapeutic doses of RE (2000 mg and 4000 mg QD) was conducted before formal evaluation of these doses on cardiac repolarization (QTc interval). The steady-state plasma exposure after 3-days administration of RE and its metabolites showed a dose-related increase in exposures (at least 2-fold higher than levels observed in previous studies and 4-fold higher than likely therapeutic dose); however, the increases were slightly less as compared to the dose-proportional increase. RE was found to be safe and well-tolerated after repeated supratherapeutic doses in healthy volunteers. The subsequent cardiac repolarization study (discussed later), high dose (500 mg QD), and supra-therapeutic dose (4000 mg) were evaluated, and PK was found to be similar to as observed in this study. Urine glucose excretion was consistent with saturation of the SGLT2 transporter at the doses administered in the study. The median amount of glucose excreted over zero (0) to 24 hours was 65.88 gm with RE 2000 mg and 71.8 gm with RE 4000 mg. The median percentage of filtered glucose excreted in the urine over 24 hours was 44% and 46%, respectively, following the RE 2000 mg and 4000 mg doses. There were no treatment-related trends compared to placebo in urine electrolyte excretion.[@CIT0026],[@CIT0027]

Another repeat-dose study was conducted in healthy adult Japanese male subjects to evaluate the PK of RE on receiving, 200 mg or 600 mg of RE orally once or twice daily. It additionally evaluated the effect of timing relative to food. No significant effect of food or timing was observed for AUC, although Tmax was prolonged, and Cmax was decreased for all analytes when RE was administered 30 minutes after the start of the meal compared to when administered 15 minutes before a meal. The linearity index (LI) at Day 11 for RE, remogliflozin, and its active metabolite for 200 mg dose was1.53, 1.20, and 0.97, respectively, and for 600 mg dose was 0.97, 1.11 and 0.86 respectively. The results provided a linear PK profile, and there was no accumulation by repeat dose administration.[@CIT0028]

All the Phase I studies reported RE to be well-tolerated at all dose levels tested without deaths, serious adverse events (SAEs), or clinically significant adverse events (AEs).[@CIT0006]

Apart from these studies, two other PK/PD studies were performed evaluating varied bio-enhanced and modified-release formulations of RE (unpublished studies).

#### Drug--Drug Interaction Studies {#S0002-S2002-S3004-S4003}

##### Remogliflozin Etabonate and Metformin {#S0002-S2002-S3004-S4003-S5001}

Two studies were conducted in subjects with T2DM to evaluate the combination of RE and metformin. One study[@CIT0023] was a randomized open-label, repeat dose study in which metformin and RE as co-administration were evaluated with 500 mg BID doses of each for three days, whereas another Two-Week Randomized Double-Blind, Repeat-Dose study with metformin ≥2000 mg was co-administered with RE at either a dose of 500 mg BID or 750 mg BID.[@CIT0029],[@CIT0030] There was no effect of RE on metformin PK parameters in either study. The 3-day study showed no effect of metformin on the PK parameters of RE and its metabolites, while a 2-week study demonstrated no accumulation of RE and no significant rise in serum lactic acid when RE was co-administered with metformin (≥2000 mg/day). The pharmacodynamics evaluation in terms of fasting glucose values, mean glucose and insulin following OGTT decreased in both RE treatment groups over the dosing period. The RE treatment groups observed more weight loss (1 kg) by Day 14 vs the placebo group. The percent of filtered glucose in the urine in subjects with T2DM observed with repeated doses of RE was not diminished by the co-administration of metformin.

##### Remogliflozin Etabonate and Diuretics {#S0002-S2002-S3004-S4003-S5002}

A co-administration of RE with diuretics (furosemide/hydrochlorothiazide \[HCTZ\]) was evaluated for safety, tolerability, and PD effect on serum electrolytes. The 2-week study involved co-administration of RE (500 mg) BID with Furosemide (20 mg) QD or HCTZ (25 mg) QD. Except for small increases in serum magnesium, changes in other serum electrolytes were unremarkable. Serum sodium and potassium concentrations remained relatively stable in all treatment groups. The addition of RE to a diuretic increased the quantity of UGE (\~72g/24 hours), increased urine osmolality and osmolar clearance,and brought about a decrease in free water clearance. The fluid balance showed an initial negative trend that resolved within six days of treatment with the combination of diuretic and RE. Decreased creatinine clearance (increase serum creatinine and urea) indicating possible volume depletion with the RE-diuretic combination. No meaningful differences from the placebo groups were observed in plasma renin activity (PRA) or aldosterone when RE was combined with diuretics. Modest reductions in systolic and diastolic BP (\~3mmHg) and body weight (\~1 kg) were observed in the RE treatment groups. Overall, the combined administration of RE with diuretics was generally well tolerated with potential safety issues of postural dizziness/orthostasis resulting from volume contraction.[@CIT0031],[@CIT0032]

##### Remogliflozin Etabonate and CYP Inhibitor (Ketoconazole) {#S0002-S2002-S3004-S4003-S5003}

An open-label, drug--drug interaction study was conducted to investigate the effect of CYP3A4 inhibition (by six days repeat administration of Ketoconazole 400 mg OD) on the PK profile of a single dose of 250 mg RE in healthy adults. Though CYP inhibition by Ketoconazole caused only a modest change in plasma profiles of RE, measurable increases in remogliflozin (24%, 30%, and 33% increase in Cmax, AUC, and t1/2 estimates respectively) and reduced formation of oxidated active metabolites (including GSK279782) were observed. The PK results, therefore, show that Ketoconazole increases the remogliflozin AUC by 1.75-fold and prolongs the t½ by approximately 1 hour. The data also demonstrated that CYP3A4 is not the only important metabolic pathway for remogliflozin metabolism. Given the wide therapeutic index observed, no dose-adjustment would be clinically required when RE is administered with a CYP3A4 inhibitor.[@CIT0016]

##### Remogliflozin Etabonate and Bupropion {#S0002-S2002-S3004-S4003-S5004}

This drug--drug interaction study was conducted to investigate the effect of RE on the PK of bupropion. Concomitant administration of bupropion 150 mg with RE did not affect the plasma profiles and PK of RE, remogliflozin, and metabolites. The lack of PK interactions between RE and bupropion was expected based on the knowledge that RE and bupropion seem to be metabolized by multiple CYP and non-CYP pathways, show low inhibitory potential towards most CYP enzymes except for bupropion for CYP2D6, and have no known induction potential clinically. No treatment-related effects in PD endpoints were observed.[@CIT0033],[@CIT0034]

##### Remogliflozin Etabonate and Oral Estradiol Contraceptive Pills {#S0002-S2002-S3004-S4003-S5005}

An open-label, 21-day repeat-dose study investigated the effects of RE on PK of Oral contraceptive pills when co-administered to healthy female volunteers. The study observed low levels of ethinylestradiol and norethindrone, probably due to sporadic lack of absorption in women receiving oral contraceptive pills in combination with RE. As the effectiveness of the oral contraceptive may be negatively impacted, it is recommended that an appropriate alternative method for avoiding pregnancy should be utilized.[@CIT0035],[@CIT0036]

#### Other Studies in Special Scenarios {#S0002-S2002-S3004-S4004}

##### Cardiac Repolarization Study {#S0002-S2002-S3004-S4004-S5001}

As briefly discussed above, a placebo-controlled study evaluated the effect of 3-day repeat dose, high dose (500 mg OD) and supra-therapeutic dose (4000 mg) on cardiac repolarization (QTc interval) when compared to placebo and moxifloxacin single dose (400 mg) in healthy adults. Moxifloxacin was used as a positive control to determine the sensitivity to detect a mean difference in QTc. Since the moxifloxacin arm successfully revealed a positive QTc effect, the study was considered valid with respect to the active control. In contrast, there was no significant effect on cardiac repolarization for either of the RE treatment group.[@CIT0037],[@CIT0038]

##### Study in Renal Impairment {#S0002-S2002-S3004-S4004-S5002}

This study was an open-label, single-dose, and parallel-group study, conducted by O'Connor-Semmes et al[@CIT0014] that evaluated the effect of mild (estimated creatinine clearance (CLcr) of 50 to 80 mL/min) and moderate (estimated CLcr of 30 to 50 mL/min) renal impairment on PK and PD of RE. The mean renal clearance (CLr) of remogliflozin and GSK279782 was reduced by about 40% to 50% or 65% to 75% in subjects with mild to moderate renal impairment, respectively, and were highly correlated with CLcr. Mean plasma AUCs of active metabolites increased by 30% to 70%. Mild and moderate renal impairment did not result in statistically significant or clinically meaningful effects on the plasma exposure or plasma half-lives of RE and remogliflozin, consistent with the known extensive metabolism as the primary elimination pathway for these compounds. The amount of glucose excreted in the urine was lower than the respective matched groups. The results showed a decrease in urine glucose excretion to be positively correlated with renal clearance. However, the percent of filtered glucose excreted was similar between renal impairment (mild −21.9%; moderate-22.2%) and matched control groups. The PK parameters in renal impairment and matched groups are tabulated in [Table 2](#T0002){ref-type="table"}. The PK, PD, and safety results suggested no dose adjustment of RE in mild or moderate renal impairment.[@CIT0014]Table 2Pharmacokinetic Parameters of Remogliflozin and Active Metabolite in Each Renal Functional GroupRemogliflozin PK ParametersMild Renal Impairment (N=12)Normal Match for Mild Impairment (N=8)Moderate Renal Impairment (N=7)Normal Match for Moderate Impairment (N=7)AUC (0-∞)\
(hr.ng/mL)2137197325882262Cmax (ng/mL)108980710001072% Dose Recovered (%)4.857.063.167.75CLr (mL/min)76.912241.5116**Active Metabolite PK ParametersMild Renal Impairment (N=12)Normal Match for Mild Impairment (N=8)Moderate Renal Impairment (N=7)Normal Match for Moderate Impairment (N=7)**AUC (0-∞)\
(hr.ng/mL)7024681000744Cmax (ng/mL)218129243239% Dose Recovered (%)1.191.620.842.49CLr (mL/min)56.310726.0103[^3][^4]

##### Study in Obese Individuals {#S0002-S2002-S3004-S4004-S5003}

An exploratory study of RE 250 mg TID administered for eight weeks in healthy obese subjects was carried out to evaluate the effect on body weight and body composition. With this dose regimen, the mean UGE was 72 g/24 hr (or 238 kcal/24h) at eight weeks. The treatment-related increase in calorie excretion was associated with a similar measurable treatment-related change in fat mass assessed by both QMR Echo-MRI (Quantitative magnetic resonance Echo-magnetic resonance imaging) and 4-compartment model modalities. Statistically significant (p\<0.001) decreases from baseline values to Week 8 for body fat mass, and weight were observed (--4.8 kg and --7.6 kg, respectively for RE), but the difference from placebo did not achieve statistical significance in this small study. The decreases in fat mass were consistent with similar changes in clinical measures, including body mass index (BMI), and waist and hip circumference. The reported free water amount remained stable across the study period with GSK189075 treatment (mean of 0.60 kg at baseline and mean of 0.63 kg at Week 8).[@CIT0039]

##### Study in T1DM Patients {#S0002-S2002-S3004-S4004-S5004}

The exploratory study administered prandial insulin injections, or single oral doses of placebo, RE 50 mg, 150 mg and 500 mg administered in addition to basal insulin in 10 subjects with T1DM. With RE administration, the increase in plasma glucose concentrations following oral glucose (75 g) at breakfast, as well as a mixed meal at lunchtime, was blunted compared to placebo. No dose-response was apparent. The effect on mean glucose concentration was less with RE compared to bolus insulin. The AUC0-∞ and Cmax increased dose-proportionally from 50 mg to 500 mg for RE and the active metabolite. Glucose excreted in the urine was minimal with mealtime insulin injection+ placebo group (24.3 mg) and increased dose proportionally in RE groups (104.2 mg, 108.3 mg, and 138.6 mg for RE 50 mg, 150 mg, and 500 mg respectively) The administration of RE in T1DM patients and prandial/ basal insulin were generally well tolerated.[@CIT0040]

### Phase II Studies {#S0002-S2002-S3005}

The Phase IIa studies were designed to obtain safety, tolerability, and dose regimen to be utilized in pivotal studies in patients with T2DM. Three dose-ranging Phase II studies were conducted to evaluate the safety and efficacy of RE: once daily (QD) regimen of IR formulation, twice daily (BID) regimen of IR formulation and once daily (QD) regimen of Biphasic formulation in T2DM patients.

#### Phase IIb Efficacy and Safety Study: BID Dosing {#S0002-S2002-S3005-S4001}

This was a multicenter, randomized, double-blind, placebo-controlled, parallel-group, dose-ranging study in 336 drug naïve type 2 diabetes mellitus patients to evaluate the efficacy, safety, and tolerability of a range of BID doses of RE (50, 100, 250, 500 and 1000 mg) vs 30 mg pioglitazone (PIO), compared with placebo, administered as monotherapy over 12 weeks. The primary efficacy endpoint was change in HbA1c at the end of study treatment (12 weeks) along with the secondary objectives to determine the change from baseline in fasting plasma glucose (FPG) and body weight at 12 weeks.

All RE doses produced a statistically and clinically significant decrease in HbA1c from baseline at 12 weeks (p\<0.001) as well as vs placebo (p\<0.001). The decrease in HbA1c was generally rapid, beginning as early as Week 4 and continuing through to Week 12.

Clinically and statistically significant dose-related decreases from baseline in FPG (15.6 to 37.3 mg/dL) were observed at Week 12 in all RE doses compared with placebo, with changes seen as early as Week 2. Similarly, 24-hour UGE increased from baseline in all RE treatment groups at Week 12, the mean increase ranging from 61.2 to 95.9 mg/24h.

There was a 1.36 to 3.51 kg of weight loss in the RE treatment groups. The most common reported AEs were headache, diarrhea, and constipation with ≥5% frequency. There was no increase in the occurrence of urinary tract infection (UTI) in RE compared with placebo and active group.[@CIT0041]

#### Phase IIb Efficacy and Safety Study: QD Dosing {#S0002-S2002-S3005-S4002}

This study was similar in design except for the evaluation of a range of QD doses of RE (100, 250, 500, and 1000 mg), compared with RE 250 mg BID, 30 mg pioglitazone (PIO) and placebo in 252 drug naïve T2DM patients. There was significant evidence of a trend in HbA1c reduction in the doses above 100 mg once daily, and significant reductions in HbA1c compared to placebo for the 250 mg once daily, 1000 mg once daily and 250 mg BID treatment groups. There were non-significant reductions in HbA1c for the 100 mg once daily, 500 mg once daily and pioglitazone groups. The decreases in HbA1c were rapid for the once-daily and BID dosing and were seen as early as Week 4 and continuing through to Week 12.

Clinically and statistically significant decreases from baseline in FPG were observed at Week 12 compared with placebo in all RE once-daily doses except for 500 mg once daily. Changes in FPG were seen as early as Week 2 and were maintained throughout till Week 12. Also, the 24-hour UGE level increased from baseline in all RE treatment groups (ranging from 19.44 to 69.8 mg/24h). There were no significant changes in lipid profile with RE administration. The reported AE of UTI was low in RE treatment groups.[@CIT0042]

#### Phase IIb Efficacy and Safety Study: Biphasic Formulation {#S0002-S2002-S3005-S4003}

This was a Phase IIb, 12-week randomized, double-blind, parallel-group, placebo-controlled study to determine the efficacy and safety of biphasic RE when administered to subjects with type 2 diabetes mellitus. The primary objective of the study was to determine the efficacy of different doses of biphasic RE administered once daily compared to placebo based on the change from baseline in HbA1c at Week 12. The results observed that remogliflozin etabonate showed a significant decrease in placebo-adjusted HbA1c ranging from 0.44% to 0.6% (p \< 0.02), a decrease in body weight and fasting glucose at all three doses tested. Additionally, there was a decrease in placebo-adjusted systolic (−2.4 to −5.6 mmHg) and diastolic (−1.7 to −3.7 mmHg) blood pressure. No significant safety or tolerability issues were identified with remogliflozin biphasic dose administration.[@CIT0043],[@CIT0044]

### Phase III Study {#S0002-S2002-S3006}

In Phase III, randomized, double-blind, double-dummy parallel-group, multicentre, active-controlled clinical trial, 906 subjects were enrolled. The efficacy and safety of RE 100 mg and RE 250 mg twice daily were compared with dapagliflozin 10 mg once daily. Of the 906 subjects, the first analysis of 612 subjects to test the non-inferiority of remogliflozin etabonate (any dose) vs Dapagliflozin was carried out.The 612 subjects were randomized in dapagliflozin 10 mg (n=146), RE 100 mg (n=225), and RE 250 mg (n=241) respectively. Treatment with RE 100 mg and RE 250 mg reduced HbA1c, fasting plasma glucose, and postprandial plasma glucose levels compared to control arm treatment at 24 weeks ([Figure 4](#F0004){ref-type="fig"}). No deaths were reported during the study period. The incidence of UTI was 6.6% in the RE 250 mg arm, 3.1% in the RE 100 mg arm, and 2.1% in the dapagliflozin 10 mg arm. The incidence of AEs was 34.4% in the RE 250 mg arm, 32.6% in RE 100 mg arm, and 29.5% in the dapagliflozin 10 mg arm.[@CIT0020]Figure 4Mean change in HbA1c %, Fasting plasma glucose and post-prandial plasma glucose from baseline to week 24. (**A**) HbA1c at week 24. (**B**) Fasting blood glucose at week 24. (**C**) Post-prandial plasma glucose at week 24.**Abbreviations:** Dapa, dapagliflozin; RE, remogliflozin etabonate.

The most frequent AEs reported were headache, genital fungal infections, hyperhidrosis, flatulence, dysuria, genital pruritus, nausea, toothache, dizziness, and blurred vision. All studies reported that RE was well tolerated as oral administration in healthy subjects and patients with T2DM.[@CIT0017],[@CIT0020],[@CIT0041],[@CIT0042]

Discussion {#S0003}
==========

Optimum glycemic control is a major challenge encountered while treating diabetic patients. Many times, it was noted that patients with Type II Diabetes Mellitus (T2DM) receiving intensive treatment fail to achieve the recommended glycated hemoglobin (HbA1c) targets. SGLT2 inhibitors can act effectively in individuals with long-standing diabetes with depleted β-cell reserve. This is due to their independent action, ie, mechanism non-dependent on insulin secretion and β-cell reserve.[@CIT0045] Among all treatment options available for T2DM, SGLT2 inhibition shows an increase in UGE, with corresponding reductions in plasma glucose and HbA1c levels, without causing hypoglycemia.

Remogliflozin is a recently launched candidate from the SGLT2 inhibitor class of drugs.[@CIT0017] The antidiabetic agent was shown to be effective, safe, and well-tolerated in a pivotal study.[@CIT0020] Remogliflozin demonstrated non-inferiority to existing SGLT2 inhibitor, namely dapagliflozin. The drug demonstrated comparable results in glycaemic, non-glycaemic, and safety parameters as compared to dapagliflozin.

The comparison of RE with the existing SGLT2 inhibitors showed the difference in the PK parameters. The noteworthy difference is a short half-life of the new molecule that necessitates a twice-daily dosing regimen.[@CIT0015],[@CIT0041] All other drugs in the same class have a longer half-life (around 12 hours).[@CIT0046]--[@CIT0049] Hence, other approved SGLT2 inhibitors (empagliflozin, dapagliflozin, canagliflozin, ertugliflozin) are administered as once daily dose.[@CIT0050]--[@CIT0053] The SGLT2 inhibitors are administered as active molecule except for RE; RE is a prodrug which gets converted to active metabolite in the GI tract and readily absorbed.[@CIT0014],[@CIT0017] However, like other drugs in the class, RE is also readily absorbed and attain peak plasma concentrations within 1--2 hrs.RE elimination shows high renal excretion on account of extensive metabolism by glucuronide conjugation of the drug as well as its metabolites. The PK/PD profile of existing SGLT2 inhibitors is presented with PK of remogliflozin. The comparative profile of PK of the currently approved SGLT2 inhibitors are presented in [Table 3](#T0003){ref-type="table"}. [@CIT0050]--[@CIT0053]Table 3Pharmacokinetic Properties of Currently Approved SGLT2 Inhibitors[@CIT0050]--[@CIT0053]EmpagliflozinDapagliflozinCanagliflozinErtugliflozinRemogliflozinTherapeutic dose (mg/day)10--255--10100--3005--15200AdministrationQD\
With or without foodQD\
With or without foodQD\
Before first mealQD\
With or without foodBID\
With or without foodT~max~(hrs)1.5Within 21--211--2Bioavailability≥60%\~78%\~65%\~100%\~100%**Metabolism**← No active metabolite →Remogliflozin and GSK279782Elimination (Hepatic: renal)43:5722:7867:333: 93Half-life (hrs)12.412.913.1173--4Selectivity over SGLT11:5000\>1:1400\>1:1601:365UGE (g/day)\~78\~ 70\~98\~ 96\~90[^5]

The PD in terms of UGE is observed to be similar across all available SGLT2 inhibitors compared to the approved regimen of RE in India ([Table 3](#T0003){ref-type="table"}). Statistically significant and clinically meaningful reductions in HbA1C levels with RE 100 mg and 250 mg were reported within 24 weeks. Similarly, RE was observed to provide significant reductions in fasting and postprandial plasma glucose (FPG and PPG) levels in T2DM patients.[@CIT0020] The glycaemic control was similar to reduction observed in pivotal studies of other SGLT2 molecules in the class, ie, empagliflozin, dapagliflozin, and canagliflozin.[@CIT0054]--[@CIT0056] Of note,Remogliflozin also elicited comparable pharmacodynamic profiles and effects to other molecules in the same class for extra glycaemic effects such as a reduction in blood pressure, and weight over a period of 24 weeks.[@CIT0007],[@CIT0020],[@CIT0054],[@CIT0055] Due to the twice-daily regimen of RE, it can be proposed that the drug would potentially offer the opportunity to truncate both postprandial peaks of Indian dietary patterns observed in T2DM patients viz. two large carbohydrate-rich meals daily. Moreover, the clinical benefits like a significant reduction in HbA1c and body weight are observed without any apparent increase in the incidence of hypoglycemia, as observed with SGLT2 inhibitor class of drugs.

Summary {#S0004}
=======

In summary, data available from clinical trials of SGLT2 inhibitors reported the efficacy and safety of these drugs across a variety of patients with T2DM. Addition of SGLT2 inhibitors to the treatment algorithm, especially as an add-on therapy for achieving target HbA1c levels with an advantage of cardio-renal protection, bodyweight reduction, and reduced risk of hypoglycaemic events is a viable choice. Remogliflozin is candidate agent of SGLT2 inhibitor class of drugs that has been introduced in India after exhaustive clinical development. The pivotal study has showed it to provide clinically meaningful glycaemic control in T2DM patients along with non-glycaemic benefits as observed with other SGLT2 inhibitors. Apart from the control of FPG, RE showed a significant decrease in PPG levels of patients, which was considered to be a risk factor for microvascular and macrovascular complications. To conclude, remogliflozin, with its twice dosing regimen,appears to be a safe and effective therapeutic alternative for T2DM patients requiring SGLT2 inhibition for adequate glycaemic control.
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[^1]: **Notes:** All values are presented as geometric mean (% coefficient of variance). AUC~0-inf~ area under the plasma concentration--time curve from time zero to infinity.

[^2]: **Abbreviations:** Cmax, maximum concentration; PK, pharmacokinetic; tmax, time to maximum concentration.

[^3]: **Note:** AUC (0-∞) area under curve from 0 to infinity corrected.

[^4]: **Abbreviations:** Cmax, maximum concentration; PK, pharmacokinetic; tmax, time to maximum concentration; CLr, renal clearance.

[^5]: **Abbreviations:** SGLT, sodium-glucose cotransporter; UGE, urinary glucose excretion.
